Introduction
In oriental medicine, various processing methods have been applied to herbal medicines in order to improve their therapeutic effects in clinical trials. The processing methods for herbal medicines (such as toasting, steaming, boiling in honey, and dipping or soaking in water, alcohol, or vinegar) can enhance their desirable effect, and reduce side effects and toxicity. 1 Studies investigating changes in chemical constituents and biological activities upon processing have been carried out for several herbal medicines, including Rei Rhizoma, Glycyrrhizae Radix, Gardeniae Fructus, Zingiberis Siccatum Rhizoma, Lacca Sinica Exsiccata, Machili Cortex, and Rehmanniae Radix. [2] [3] [4] [5] [6] [7] In this respect, we applied the steaming process to the water extract of Galla Rhois (GRE) at a temperature over 120 • C (AGRE) and identified the associated changes in its chemical constituents and biological efficacy. Galla Rhois (GR), the gall produced by the aphid Schlechrendalia chineneis (Bell), on the leaves of Rhus chinensis, has been used as a traditional medicine for treating diarrhea, excessive sweating, bleeding, and chronic coughs in Korea, China, and Japan. 8, 9 Recent studies have reported the biological and pharmacological properties of GR, including antibacterial, anticariogenic, antioxidant, anticancer, antidiabetic, antidiarrheal, anti-inflammatory, and hepatoprotective activities. 10 Furthermore, a phytochemical study on GR reported the characterization of gallotannin, which consists of gallic acid units. 11, 12 Bioactive gallotannins isolated from GR, including pentagalloyl glucose, 3-and 4-galloyl-gallic acid, and 1,2,3,4,6-penta-O-galloyl-␤-D-glucoside (PGG), possess numerous medicinal activities and health benefits, particularly anticancer activities. [13] [14] [15] In the present study, we evaluated the change in GR-derived tannins upon applying a steaming method to GRE using highperformance liquid chromatography (HPLC), which showed that the steaming process markedly enhances cell death, especially in colon cancer cells, by increasing the apoptotic properties of GRE.
Methods

HPLC analysis
Chemicals and reagents
The standard compound of gallic acid was purchased from TCI (Tokyo, Japan), and methyl gallate, syringic acid, and penta-O-galloyl-␤-D-glucoside were purchased from Sigma-Aldrich (St. Louis, MO, USA). The purity of marker compound determined using HPLC was higher than 98%. HPLC-grade solutions including water and acetonitrile were purchased from J.T. Baker (Austin, TX, USA), and trifluoroacetic acid was purchased from Sigma-Aldrich.
Preparation of standard solution, and herb materials GRE and AGRE
Standard solutions, including gallic acid, methyl gallate, digallic acid, syringic acid, ellagic acid, and PGG, were prepared by dissolving each marker component in pure methanol at 1 mg/mL (Fig. 1A) . These stock solutions were stored at −4 • C before analysis. Each stock solution was diluted to an appropriate concentration range for the preparation of calibration curves. GR was purchased from the Korea Medicine Herbs Association (Yeongcheon, Korea) and identified by Professor KiHwan Bae, Chungnam National University, Korea. GRE was prepared using GR with water boiling for 3 hours, as described in a previous study. 16 To prepare the AGRE, GRE was steamed by autoclave (Jeio Tech Co., Daejeon, Korea) treatment (120 • C, 20 minutes) and prepared in the form of powder by freeze drying. For HPLC analysis, 1 mg of GRE or AGRE powder was dissolved in 1 mL of distilled water, passed through a 0.22 m filter, and stored at −20 • C before use.
HPLC-diode array UV/VIS detector analysis conditions
The experiments in this study were performed using the Hitachi HPLC system (Hitachi, Tokyo, Japan), obtained using the L-2130 pump, L-2200 auto-sampler, L-2300 column oven, and L-2455 diode array UV/VIS (ultraviolet/visible) detector. The data processor used EZchrom Elite software for Hitachi. The chromatographic column that was used in this experiment was commercially available and was obtained from Optimapak (C 18 , 4.6 × 250 mm 2 , 5 m). The column oven temperature was kept at 30 • C. The mobile phase consisted of water containing 0.2% trifluoroacetic acid (A) and acetonitrile containing 0.2% trifluoroacetic acid (B). The line program was well optimized and conducted as follow: 5% B at 0-20 minutes; 20-45% B at 20-45 minutes; 45-90% B at 45-90 minutes at a flow rate of 1.0 mL/min. The UV spectrum was recorded at 270 nm, and the injection volume was set at 10 L. Components were identified via comparison of their retention times with those of authentic standards under identical analysis conditions and UV spectra with an in-house PDA (patron-driven acquisition) library.
Validation of the analytical method
The method was validated for linearity, precision and accuracy. Validation was executed according to the International Conference on Harmonization guidelines. 17 
Linearity, limits of detection, and limits of quantification
In order to obtain the calibration curves, working solutions of six different concentrations of each marker compound were prepared from the stock solutions by diluting with 60% methanol. Solutions of six different concentrations were analyzed in three consecutive injections. Calibration curves were constructed by plotting the value of the peak versus the concentration of each analyte. Limits of detection and limits of quantification for each analyte were determined on the basis of the signal-to-noise ratios of 3 and 10, respectively.
Precision and accuracy
Precision of the analytical method was evaluated by intraand interday tests. The mixture standard solutions of three different concentrations were analyzed. The interday test was performed by analyzing the same standard solution in five replicates each day on 3 consecutive days. The intraday 
Cell culture
Various human cancer cell lines, obtained from the Korean Cell Line Bank (Seoul, Korea) and American Type Culture Collection (Rockville, MD, USA), were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum containing 100 units/mL penicillin G and 100 g/mL streptomycin. All cells were cultured in an atmosphere of 5% CO 2 at 37 • C.
Cell viability assay
Cells (3-5 × 10 3 cells/well) were seeded in a 96-well plate and treated with various concentrations of GRE or AGRE for 24 hours. After treatment, cell viability was analyzed by MTT assay as described previously. 19 Color intensity was measured in terms of absorbance at 570 nm with an enzyme-linked immunosorbent assay (ELISA) microplate reader (Sunrise; TECAN, Männedorf, Switzerland).
Cell cycle analysis
Cells were seeded at a density of 1 × 10 5 cells/mL in a sixwell plate and treated with 50 g/mL and 100 g/mL of GRE or AGRE for 24 hours. The PI staining for cell cycle analysis was performed as described previously. 19 DNA contents of the stained cells were analyzed by FACSCalibur flow cytometry using CellQuest software (Becton-Dickinson, Franklin Lakes, NJ, USA). a Here, y = peak area (mAU) and x = concentration (g/mL) of the components. b LOD = 3 × signal-to-noise ratio. c LOQ = 10 × signal-to-noise ratio.
LOD, limit of detection; LOQ, limit of quantification.
Western blot analysis
The cell lysates treated with GRE or AGRE for Western blot analysis were prepared as described previously. 19 The same amount of protein for each sample was electrophoresed and transferred onto the polyvinylidene difluoride membrane Millipore (Millipore, Billerica, MA, USA). The membranes were incubated at 4 • C overnight with primary antibodies specific for caspase-3, caspase-8, caspase-9, PARP, ERK, phospho-ERK, p38, phospho-p38, JNK, phospho-JNK, ␣-tubulin, and GAPDH (1:1000), followed by incubation for 1 hour with the corresponding secondary antibody (1:5,000). Specific proteins were detected using a Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) and an ImageQuant LAS 4000 mini (GE Healthcare, Piscataway, NJ, USA). Band intensities were calculated using ImageJ software (National Institute of Health, Bethesda, MD, USA).
Statistical analysis
Data were presented as means ± SD. The statistically significant differences between control and botulin-treated cells were calculated by the Student t test. Values of p < 0.05 and p < 0.01 were considered to indicate statistical significance.
Results
Validation of quantitative methods
The results of linearity, limit of detection, and limit of quantification analyses for each key analyte are summarized in Table 1 . Good linearity of the analytical method was confirmed by correlation coefficients (r 2 > 0.9994). Limit of detection and limit of quantification values were in the range of 0.04-0.09 g/mL and 0.13-0.26 g/mL, respectively. RSD values for inter-and intraday variation were within the range of 0.51-1.47% and 0.84-2.57%, respectively. The value of RSD was less than 3%, and these results showed an acceptable precision. The recovery ratio of the six standard compounds ranged from 99% to 104% (Table 2 ). These results indicated that the developed method had reliable accuracy. 
Change in chemical properties of GRE following the steaming process
In the present study, HPLC was used to analyze the six components present in GRE and AGRE using optimized HPLC-diode array UV/VIS detector chromatographic conditions. The six components, including gallic acid, methyl gallate, digallic acid, syringic acid, ellagic acid, and PGG, were detected at 270 nm based on the stability and higher maximum absorption rates of the major components at baseline (268 nm for gallic acid, 269 nm for methyl gallate, 275 nm for digallic acid, 273 nm for syringic acid, 253 nm for ellagic acid, and 277 nm for PGG; Fig. 1A, 1B) . The retention time of gallic acid, methyl gallate, digallic acid, syringic acid, ellagic acid, and PGG were 7.65 minutes, 30.01 minutes, 41.06 minutes, 49.33 minutes, 88.72 minutes, and 93.08 minutes, respectively. In the present study, Contents of the six components in GRE and AGRE were quantified using UV and mass spectroscopy spectra, and their retention times were compared with those of standards using an optimized method. The quantitative analysis data are shown in Fig. 1C . The contents of gallic acid (123.3%) and ellagic acid (196.6%) in AGRE were higher than the contents in GRE (100%). In contrast, methyl gallate (1.4%), digallic acid (4.2%), syringic acid (18.5%), and PGG (2.5%) were less presented in AGRE compared with GRE (100%).
Inhibition of cell growth by GRE and AGRE in various human cancer cells
To further characterize the inhibitory actions of GRE and AGRE against cancer cells, five different human cancer cell lines [HCT116 (colon), AGS (stomach), MM231 (breast), A549 (lung), and SK-Hep-1 (liver)] were treated with 50 g/mL, 100 g/mL, and 200 g/mL of GRE or AGRE for 24 hours. The viability of HCT116, A549, and SK-Hep-1 cells was inhibited by over 60% by treatment with 100 g/mL and 200 g/mL of GRE or AGRE (Fig. 2A) . The viability of HCT116 cells was reduced by about 50% and 64% by treating with 100 g/mL and 200 g/mL of GRE, respectively. The viability was reduced by approximately 75% and 80% by AGRE at the same concentrations. Additionally, the growth inhibitory effect of AGRE on HCT116 cells was significantly greater than that of GRE. To further define the inhibitory action of GRE and AGRE on colon cancer cells, the inhibition ratios of each constituent in GRE and AGRE against two colon cancer cell lines, HCT116 and HT29, were evaluated. In HCT116 cells, except digallic acid, the other constituents, including gallic acid, methyl gallate, syringic acid, ellagic acid, and PGG, inhibited cell growth in a dose-dependent manner for 24 hours (Fig. 2B) . In contrast, the viability of HT29 cells was affected by about 40% by ellagic acid (from 12.5 M to 100 M). Based on these data, the present study focused on HCT116 cells for subsequent tests. 
Comparison of cell cycle progression in HCT116 cells between GRE and AGRE
After treatment with GRE or AGRE for 24 hours, HCT116 cells were stained with PI, and their cell cycle progression was assessed using flow cytometry. Treatment of cells with 50 g/mL and 100 g/mL of GRE induced the cell population of sub-G1 phase up to 2.90% and 6.65%, respectively (Fig. 3A) . AGRE also induced the cell population of sub-G1 phase to about 5.06% and 11.73% at the same concentrations. In the S phase, 100 g/mL of GRE induced the accumulation of 16.22% of cells, which increased about 1.4-fold compared with that in untreated cells (vehicle, 11.44%). Compared with the vehicle, treatment with 100 g/mL of AGRE slightly reduced the S-phase cell population in the S phase. However, 100 g/mL of AGRE induced a 4.5-fold increase in the sub-G1 cell population, which enhanced the induction of cell death about 1.8-fold compared with that observed with GRE (Fig. 3B). 
Inhibitory effect of GRE and AGRE on HCT116 cell growth
To determine whether the cell death by GRE and AGRE is related to the apoptotic effects in HCT116 cells, the expression of caspase activities, including activities of caspase-3, caspase-8, and caspase-9, was assessed using Western blot analysis. After 24 hours of treatment with GRE, the caspases were activated and PARP cleavage was observed in HCT116 cells (Fig. 4A) . Almost all the caspases were activated by treatment with 100 g/mL of GRE. In particular, the expression of caspase-3 and caspase-9 showed increases of about 1.81-and 1.83-fold, respectively, compared with those in untreated cells. In contrast, AGRE showed activation of caspases at 50 g/mL concentration for the same duration. AGRE also markedly increased PARP cleavage in a dose-dependent manner. In comparison with GRE, AGRE showed over two-fold increase in the expression of caspase-8, while the expression of caspase-3 or caspase-9 was not affected or weakly upregulated (Fig. 4B) .
To identify the antiproliferative effects of GRE and AGRE in HCT116 cells, expressions of cell proliferation-mediated proteins were analyzed by Western blotting. The level of phosphorylated JNK was decreased by about 19% by treating with 100 g/mL of GRE, but that of ERK and p38 at the same concentration remained unaffected (Fig. 4C) . In contrast, 100 g/mL of AGRE inhibited the phosphorylation of ERK and JNK by about 30% and 67%, respectively; notably, the phosphorylation of p38 remained unaffected. Compared with GRE, AGRE (100 g/mL) suppressed the phosphorylation of JNK by approximately two-fold. At 50 g/mL concentrations, GRE and AGRE strongly inhibited AKT phosphorylation by over 40%. Furthermore, at 100 g/mL concentrations, AGRE suppressed the phosphorylation of AKT by approximately two-fold more than that of GRE. To confirm the antiproliferation effects of GRE and AGRE on A549 cells, the cells were pretreated with specific inhibitors, such as PD98059 (ERK1/2 inhibitor), SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), and LY294002 for 1 hour, followed by treatment with 100 g/mL of GRE and AGRE for 24 hours. The antiproliferation effect of GRE was increased in LY294002 by about 9%, whereas it did not increase in the other inhibitors such as PD98059, SB203580, and SP600125. Under the same conditions, pretreatment with inhibitors, such as PD98059, SP600125, and LY294002, followed by AGRE treatment markedly enhanced cell death. SP600125 and LY294002 improved the antiproliferation effect of AGRE up to 19% and 20%, respectively, whereas SB203580 weakly improved the antiproliferation effect by about 7% (Fig. 4D ).
Discussion
GR has resulted in the characterization of gallotannins, which have been considered to possess medicinal properties and numerous benefits. 20, 21 Among the constituents of GR, gallotannins are a type of hydrolyzable tannin consisting of a central glucose core, surrounded by several gallic acid units attached by depside bonding of additional galloyl residues. 22, 23 Furthermore, GR is rich in well-known phenolic acids, such as gallic acid and methyl gallate that account for nearly 20% and 7%, respectively. 10, 24 Based on these preliminary reports, we investigated the changes in the constituents and biological activities of GRE when physical heat was applied using the steaming process at high temperature and pressure with an autoclaved system. In the processing of specific herbal medications, steaming treatment has been applied to enhance the desirable effects and reduce the side effects by changing the chemical constituents. Steaming of ginseng at 120 • C produced ginsenosides F 4 , Rg 3 , and Rg 5 , not present in raw ginseng, and they were evaluated for their anticancer effects. 25, 26 Through the steaming process, rhubarb showed an increase in monoanthrone compounds such as anthraquinones and a decrease in dianthrone compounds such as sennosides, which enhanced its antimicrobial and anti-inflammatory effects. 2 Furthermore, heat-treated licorice increased the total polyphenol content, which is involved in antioxidant activity. 3 Here, the processing of GRE generated a different chemical profile compared with the nonprocessed GRE. The components that structurally changed following the processing include gallic acid, ellagic acid, and PGG. Several in vitro and in vivo studies have shown that gallic acid, a typical phenolic acid, possesses antioxidant and radical scavenging activities that are involved in exerting anticancer effects. 27 Ellagic acid is a hydrolyzable tannin constituted polymers of gallic acid, linked to glucose centers to form the class of compounds known as ellagitannins. 28 It also possesses potent anticarcinogenic/antimutagenic properties against a variety of carcinogens, including nitrosamines, azoxymethane, and mycotoxins, and a strong antioxidant activity. 29, 30 In previous reports, it has been demonstrated that ellagic acid protects hepatocytes from damage by reactive oxygen species. 30 In addition, it has been reported that ellagic acid exerts potent preventive and therapeutic effects against several types of cancers, including colon, breast, prostate, skin, and esophageal cancers, and osteogenic sarcoma. 31 It selectively induces reactive oxygen species-mediated apoptosis in cancerous B lymphocytes of patients with chronic lymphocytic leukemia. 28 The present results demonstrated that gallic acid and ellagic acid were markedly increased in AGRE compared with GRE. These constituents strongly induced cell death in human colon cancer cells, suggesting that AGRE may show an increased radical scavenging effect, and these effects may affect cell death, which may enhance apoptosis in HCT116 cells. Notably, in vitro studies have shown that GRE containing PGG inhibits tumor growth through the suppression of angiogenesis and metastasis of cancer cells. 32, 33 In AGRE, the contents of PGG were significantly reduced by processing, which may also be involved in the increase of galloyl residues such as gallic acid and ellagic acid. The characteristic anticancer effect of PGG, for instance, antiangiogenic or antimetastatic activity, was not identified in GRE and AGRE. Therefore, further studies are necessary to establish whether AGRE enhances the anticancer effect of GRE against angiogenesis and metastasis. Based on these preliminary observations, molecular mechanisms underlying the anticarcinogenic effects of AGRE were assessed in HCT cells. Using Western blot analyses, AGRE was shown to influence the expression levels of caspase-8, caspase-9, and caspase-3. The caspase cascades are divided into two major pathways: an extrinsic pathway containing caspase-8 and caspase-10, which is initiated by the ligandmediated activation of cell surface death receptors, and an intrinsic pathway containing caspase-9, which is activated by intracellular signals from the mitochondria. 34, 35 In the present study, compared with GRE, AGRE markedly activated caspase-8 and caspase-9, although the activation of caspase-3 was weakly induced. This suggests that AGRE led to strong apoptosis via a caspase-dependent pathway, which may enhance the anticancer effect of GRE in HCT116 cells.
MAPKs regulate cellular processes such as proliferation, differentiation, and apoptosis of cells. 36 In particular, pharmacological modulation of MAPK signals influences the apoptotic response to antitumor agents. 37 The present results demonstrated that AGRE inhibits the activation of ERK and JNK, while p38 remained unaffected. GRE did not affect the signals of MAPK cascades, including ERK, JNK, and p38, involved in inducing apoptosis in HCT116 cells. Additionally, the inhibition of MAPK signaling by treatment of specific protein inhibitors (ERK inhibitor PD98059, p38 inhibitor SB203580, and JNK inhibitor SP600125) improved the cell death of AGRE, whereas these inhibitors did not contribute to the apoptotic function of GRE in HCT116 cells. Phosphorylation of AKT, a cell survival-related protein, was strongly inhibited by both GRE and AGRE, which confirmed that the inhibition of AKT improves cell death in HCT116 by GRE and AGRE using treatment with LY294002. Therefore, we suggest that the antiproliferative activity of AGRE results from suppressing the MAPK and AKT signaling pathways, whereas that of GRE results from inhibiting AKT activation only.
We elucidated the enhancement of anticancer effect of AGRE by steaming processing of GRE using the analysis of chemical profiling and molecular mechanism study in human colon cancer cells HCT116. The enhanced apoptotic effect of AGRE was presumed to be attributed to the changes in the pattern of gallotannins in GRE. In the case of molecular signals associated with cell proliferation, AGRE showed different signals compared with GRE, which demonstrated a strong antiproliferation effect in HCT116 cells. These results would support the fact that the steaming process may be a feasible method for improving the anticancer effects of GRE.
Conflicts of interest
All authors have no conflicts of interest to declare.
